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I.  ^ntroduction 

The  objective  of  this  experimental  study  was  to  verify  analytical  work 
concerning  some  effects  of  strong  turbulence  on  short  wavelength  lasers'^ 

In  particular,  the  r.m. s.  wander  angle  of  a  transmitted  laser  beam,  as  a 
function  of  integrated  path  turbulence  has  been  shown  to  increase  to  a 
maximum  and  then  to  decrease  towards  a  constant  value  that  is  the  same 
order  as  the  diffraction  limited  spot  size  of  the  aperture  in  very  strong 
turbulence.  This  means  that  an  active  correction  for  wander  angle,  applied 
at  the  transmitter,  although  useful  at  low  to  moderate  levels  of  turbu¬ 
lence,  is  ineffective  in  increasing  power  density  on  the  target  for  high 
levels  of  integrated  path  turbulence.  An  experimental  measurement  of  the 
r.m.s.  wander  angle  of  a  transmitted  laser  beam  vs.  integrated  path  turbu¬ 
lence  in  a  simulated  atmospheric  path  has  been  completed  and  the  results 
are  in  qualitative  agreement  with  the  theory. 

In  order  to  measure  the  r.m.s.  wander  ifi^l  e  well  into  the  saturation 
regime  (the  regime  of  very  strong  integrated  path  turbulence)  under  con¬ 
trolled,  well  documented,  and  repeatable  conditions,  an  atmospheric 

2 

turbulence  simulation  facility  was  used.  This  facility  consisted  of 
a  10  gallon  aquarium  filled  with  ethanol  that  was  heated  at  the  bottom 
and  cooled  at  the  top  to  provide  the  thermal  input  resulting  in  the 
turbulence.  This  facility  had  been  initially  characterized,  with  respect 
to  both  the  spatial  spectrum  of  temperature  fluctuations  and  the  effects 
of  the  turbulence  on  optical  propagation. 

Prior  to  the  wander  angle  measurements,  this  characterization  was 
extended  to  include  the  spatial  spectrum  of  temperature  fluctuations  as 
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a  function  of  position  in  the  medium.  Spectra  were  recorded  both  above 
and  below  the  optical  center  line  as  well  as  on  the  side  in  order  to 
determine  the  uniformity  of  the  turbulence.  These  measurements  were 
made  using  a  TSI  model  1276  probe  consisting  of  a  25  urn  diameter  glass 
fiber  plated  with  platinum,  with  a  length  of  0.25  mm.  This  probe  was 
used  in  conjunction  with  a  Contel  model  MT-2  microthermal  analyzer  to 
digitally  record  the  temperature  fluctuations.  The  digital  data  was 
numerically  processed  to  obtain  the  spectrum. 

Wander  angle  measurements  were  made  using  a  collimated  He-Ne  laser 
beam  making  one  or  more  passes  through  the  turbulence,  and  a  centroid 
tracker  to  stabilize  the  output  beam.  The  error  signals  generated  by 
the  tracker  were  digitized  and  numerically  processed  to  obtain  a  measure 
of  the  wander  angle.  This  measurement  was  made  as  a  function  of  inte¬ 
grated  path  turbulence  by  varying  both  the  path  length  (using  multiple 
passes  through  the  simulated  turbulence)  and  by  varying  the  thermal 
input. 

There  is  an  important  aspect  of  the  work  that  should  be  emphasized 

at  the  outset.  Although  the  experimental  arrangement  provides  a  very 

good  simulation  of  atmospheric  turbulence,  it  is  not  the  atmosphere, 

and  there  are  certain  differences  that  must  be  recognized.  First  of 

all,  the  spatial  spectrum  of  temperature  fluctuations  in  the  laboratory 

generated  turbulence  does  not  have  a  well  defined  inertial-convective 

2 

subrange  corresponding  to  the  Kolmogorov  spectrum.  However,  the 
significant  point  here  is  that  the  theoretical  description  of  the  spatial 

3 

spectrum  of  index  of  refraction  fluctuations  in  turbulent  fluids  is 
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applicable  both  to  the  atmosphere  and  to  the  laboratory  generated 
turbulence.  Consequently,  analytical  descriptions  of  either  the 
atmosphere  or  the  laboratory  generated  turbulence  are  identical, 
although  some  of  the  parameters  may  differ.  Evaluation  of  analytical 
results  for  the  parameters  of  the  laboratory  generated  turbulence  has 
not  been  attempted.  This  makes  the  comparison  of  the  experimental 
results  presented  in  the  next  section  with  analytical  results  for  the 
atmosphere  a  qualitative  one.  As  is  shown  below,  the  significant 
features  of  the  r.m.s.  wander  angle  as  a  function  of  integrated  path 
turbulence  are  common  to  both  the  analytical  results  as  applied  to 
the  atmosphere  and  the  experimental  results  as  measured  in  the 
laboratory  generated  turbulence.  jn  addition,  although  not  specifically 
relevant  to  this  work,  two  further  differences  between  the  atmospheric 
and  laboratory  generated  turbulence  are  noted.  High  integrated  path 
turbulence  in  the  laboratory  (deep  into  the  saturation  regime)  is  ob¬ 
tained  with  path  lengths  on  the  order  of  2  meters.  This  is  much  different 
than  the  multikilometer  path  lengths  required  in  the  atmosphere.  Further, 
the  time  scale  of  the  fluctuations  in  the  laboratory  generated  turbulence 
is  much  slower  than  in  the  atmosphere. 

II.  Results 

A.  Uniformity  of  Turbulence 

The  initial  task  of  this  program  was  to  investigate  the  uniformity 
of  the  laboratory  generated  turbulence  in  the  ethanol.  This  was  accom¬ 
plished  by  measuring  the  spatial  spectrum  of  temperature  fluctuations  at 
several  positions  throughout  the  tank,  both  within  and  around  the  volume 
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utilized  by  the  multiple  pass  optical  beam.  The  spatial  spectrum  at  each 
position  was  measured  by  recording  the  temperature  fluctuations  in  the 
ethanol  using  a  moving  probe.  The  data  was  recorded  digitally  and  then 
processed  by  taking  a  discrete  Fourier  transform  of  the  time  records.  At 
each  location  in  the  tank,  on  the  order  of  60  time  records  were  obtained. 
These  time  records  were  then  processed  separately  and  averaged  to  give  the 
final  spatial  spectra  presented  here.  A  comparison  of  the  spectra  at 
different  locations  indicates  uniform  turbulence  throughout  the  tank. 

The  measurements  utilized  a  thermal  probe  with  dimensions  of  25  pm 
diameter,  and  0.25  mm  length.  It  is  presumed  that  spatial  scales  on  this 
order  were  resolvable.  The  probe  constituted  one  leg  of  a  resistance 
bridge,  the  output  of  which  was  amplified,  converted  to  digital  form  and 
then  recorded  on  magnetic  tape.  The  probe  was  moved  through  the  medium 
at  a  velocity  of  1  cm  per  second  during  the  recording,  with  a  total 
travel  of  approximately  10  cm.  A  single  time  record  consisted  of  one  pass 
of  the  probe  over  this  10  cm  length.  The  time  during  the  return  of  the 
probe  to  the  starting  point  was  not  utilized  in  taking  data.  (More 
properly,  although  data  was  taken  during  the  return  of  the  probe,  only 
data  taken  while  the  probe  was  in  motion  in  one  direction  was  utilized.) 

A  typical  measurement  consisted  of  60  round  trips  of  the  probe,  giving 
60  one  way  time  records  of  the  temperature  fluctuations. 

Since  the  data  was  processed  in  digital  form,  care  was  taken  to  avoid 


both  aliasing  and  leakage.  The  amplified  analog  signal  from  the  thermal 
probe  was  passed  through  a  low  pass  filter  with  a  3  db  bandwidth  of  50  Hz. 
This  cutoff  frequency  was  chosen  to  correspond  to  that  of  the  1.0 
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millisecond  sampling  time,  in  order  to  minimize  the  effects  of  aliasing. 
Although  the  results  indicated  no  quantitative  difference  between  spectra 
with  and  without  the  filter  it  was  used  initially  to  determine  whether  or 
not  some  "spurious"  signals  were  the  result  of  aliasing.  The  filter  also 
was  useful  in  reducing  the  magnitude  of  a  60  Hz  spike  that  appeared  in  the 
spatial  spectra. 

The  analog  output  of  the  50  Hz  low  pass  filter  was  converted  to 
digital  form  and  then  recorded  on  magnetic  tape.  This  digital  time  record 
was  then  used  to  find  the  spatial  spectrum  of  the  temperature  fluctuations. 
The  digital  time  record  was  first  multiplied  by  a  Hanning  window  to  reduce 
the  effects  of  leakage  and  then  a  fast  Fourier  transform  (FFT)  was  taken. 
The  spatial  spectrum  was  then  found  as  the  modulus  squared  of  the  FFT. 

This  processing  was  done  for  each  of  approximately  60  time  records  and 
these  60  spectra  were  averaged  to  obtain  the  spatial  spectra  presented 
here. 

In  addition,  a  "noise  spectrum"  was  obtained  in  a  similar  manner. 

With  the  thermal  input  to  the  tank  turned  off,  60  records  of  the  tempera¬ 
ture  fluctuations  were  recorded  using  the  anti-aliasing  filter.  This 
data  was  processed  using  a  Hanning  window,  with  the  resulting  spectra 
averaged  over  the  60  records  to  obtain  an  average  noise  spectrum.  This 
noise  spectrum  was  subtracted  from  the  averaged  thermal  spectra  to  obtain 
the  final  results. 

Figures  1  through  4  illustrate  the  spectra  obtained  using  a  20 
millisecond  sampling  Interval.  Figure  1  is  the  spectrum  of  temperature 
fluctuations  obtained  by  averaging  60  time  records  with  the  probe  moving 
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Figure  1.  Spatial  spectrum  of  temperature  fluctuations  on  the 
optical  center  line  of  the  tank.  The  ordinate  is  an 
arbitrary  scale  indicating  the  magnitude  of  the  spectrum. 
The  abscissa  is  a  temporal  frequency  that  is  related  to 
the  spatial  frequency  through  the  velocity  of  the  thermal 
probe  (1  cm/sec)  Spatial  frequency  «  (2tt/1  cm  per  sec) 

*  (Temporal  frequency). 
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along  the  optical  center  line  of  the  tank.  In  the  following  computer 
generated  curves,  the  ordinate  is  an  arbitrary  scale  indicating  the 
strength  of  turbulence.  The  abscissa  is  a  temporal  frequency  that  is 
related  to  the  spatial  frequency.  Spatial  frequency  may  be  obtained  by 
multiplying  the  abscissa  by  2ir  and  dividing  by  1  cm/sec,  the  velocity  of 
the  probe.  For  reference,  10  Hz  corresponds  to  k  '  62.8  cm'1  i.e.,  to  a 
scale  size  of  approximately  1  mm  where  x  is  the  spatial  wave  number. 

Note  that  the  energy  is  down  by  somewhat  more  than  four  orders  of  magnitude 
by  <  =  100  cm'1  (~  16  Hz  on  the  graph).  At  40  Hz,  there  is  a  small  spike 
in  the  spectrum  that  results  from  60  Hz  interference  that  is  aliased  in 
to  the  spectrum.  There  are  also  two  peaks  that  appear  in  the  spectrum 
at  approximately  25  Hz  and  35  Hz.  These  peaks  occurred  in  all  temperature 
spectra  obtained  during  the  month  of  December  (in  subsequent  measurements 
during  March  of  the  following  year,  both  the  magnitude  and  position  of 
these  peaks  were  extremely  variable,  unlike  those  shown  here).  These 
peaks  did  not  appear  in  the  noise  spectra  and  remain  unexplained. 

Figure  2  is  the  average  noise  spectrum  recorded  at  the  optical 
center  line  of  the  tank  and  averaged  over  60  records.  Note  that  with  the 
exception  of  the  first  point,  it  is  flat  out  to  50  Hz  and  the  only 
feature  is  the  aliased  60  Hz.  Note  in  particular  that  the  spurious 
peaks  observed  in  the  temperature  power  spectrum  do  not  appear. 

Figure  3  is  identical  to  Figure  1  but  it  has  the  noise  of  Figure 
2  subtracted.  It  is  plotted  using  points  rather  than  a  solid  line  since 
in  the  neighborhood  of  20-40  Hz,  the  difference  between  the  temperature 
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Figure  2.  Noise  spectrum  recorded  on  the  optical  center  line  of 

the  tank  with  the  thermal  input  to  the  tank  turned  off. 
Abscissa  as  in  Figure  1. 
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Figure  3.  Spatial  spectrum  of  temperature  fluctuations  on  the  optical 

center  line  of  the  tank  from  Figure  1  with  the  noise  spectrum 
from  Figure  2  subtracted.  Ordinate  and  abscissa  as  in 
Figure  1. 
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spectrum  and  noise  spectrum  was  extremely  small  in  some  cases.  This  re¬ 
sulted  in  an  unclear  plot  when  a  line  curve  was  used.  Subtracting  the 
noise  leaves  a  spectrum  with  the  energy  down  by  5  orders  of  magnitude  at 
k  100  cm-1  (approximately  16  Hz).  The  peaks  at  25  and  35  Hz  are 
clearly  visible. 

Figure  4  is  an  average  temperature  spectrum  taken  2.5  cm  below  the 
optical  center  line  and  shows  an  identical  spectrum  to  that  of  Figure  1. 
Spectra  obtained  with  the  probe  2.5  cm  above  the  optical  center  line  also 
show  identical  spectra. 

Figures  5  through  7  show  a  similar  series  of  spectra  taken  in  a 
horizontal  plane  including  the  optical  center  line  and  usinjJ  a  10  millisecond 
sampling  interval.  These  spectra  were  taken  approximately  two  and 
one-half  months  after  those  in  Figures  1  through  4.  Figure  5  is  a 
spectrum  taken  from  the  optical  center  line  of  the  tank  and  exhibits  the 
same  features  as  the  previous  spectra  except  that  the  unexplained  peaks 
are  missing.  Figure  6  is  the  spectrum  taken  halfway  between  the  optical 
center  line  and  the  wall  of  the  tank  approximately  6  cm  from  the  optical 
center  line,  and  Figure  7  is  the  spectrum  taken  at  1  cm  from  the  wall  in 
the  same  horizontal  plane  as  the  optical  center  line.  From  the  similarity 
of  these  spectra,  it  is  concluded  that  the  turbulence  is  uniform  through¬ 
out  the  volume  of  the  tank  utilized  by  the  optical  beam.  Although  the 
"edge  effects"  must  be  present  at  the  wall,  they  contribute  only  a  small 
amount  to  the  overall  turbulence. 
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Figure  4.  Spatial  spectrum  of  temperature  fluctuations  2.5  cm  below 
the  optical  center  line.  Ordinate  and  abscissa  as  in 
Figure  1. 
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Figure  5.  Spatial  spectrum  of  temperature  fluctuations  on  the 

optical  center  line  of  the  tank.  Ordinate  and  abscissa 
as  in  Figure  1. 
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Figure  6.  Spatial  spectrum  of  temperature  fluctuations  in  the 
horizontal  plane  including  the  optical  center  line, 
halfway  between  the  center  line  and  the  wall.  Ordinate 
and  abscissa  as  in  Figure  1. 
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Figure  7.  Spatial  spectrum  of  temperature  fluctuations  in  the 
horizontal  plane  including  the  optical  center  line, 

1  cm  from  the  wall  of  the  tank.  Ordinate  and  abscissa 
as  in  Figure  1. 
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B.  Wander  Angle 

The  far  field  wander  angle  of  a  collimated  beam  propagating  through 
a  simulated  atmospheric  turbulence  as  a  function  of  integrated  path  turbu¬ 
lence  was  measured  using  a  centroid  tracker  and  was  found  to  be  in 
qualitative  agreement  with  analytical  results.*  The  wander  angle  measure¬ 
ments  were  made  with  two  geometries.  The  first  was  with  the  collimated 
HeNe  laser  beam  making  three  passes  through  the  tank.  It  was  found,  as 
reported  below,  that  through  the  highest  levels  of  integrated  path 
turbulence  obtainable  with  the  experimental  arrangement,  the  magnitude 
of  the  r.m.s.  wander  angle  continued  to  increase  with  turbulence  strength. 
The  geometry  was  then  changed  so  that  the  laser  beam  made  5  passes  through 
the  simulated  turbulence.  As  the  turbulence  strength  was  increased,  the 
r.m.s.  wander  angle  increased  initially,  reached  a  maximum  and  then  began 
to  decrease.  With  the  exception  of  the  angle  measurements,  the  parameters 
utilized  in  the  results  below  were  those  obtained  in  the  previous  simulation 
work.* 

The  angle  measurements  were  obtained  utilizing  the  experimental 
configuration  shown  in  Figure  8.  A  centroid  tracker,  consisting  of  two 
mirrors  that  could  each  be  electrically  driven  to  vary  the  angle  of  the 
emerging  beam,  a  4-element  quadrant  detector,  and  electronics  to  drive 
the  mirrors  in  response  to  error  signals  from  the  detector,  was  used  to 
measure  the  angle  of  arrival  of  the  beam  emerging  from  the  turbulent 
medium.  The  General  Scanning  model  102  deflection  mirrors  were  arranged 
to  provide  orthogonal  angular  deviations  of  the  emerging  beam.  The  UDT 
PIN  SPOT  4  quadrant  detector  divides  the  image  plane  into  four  quadrants 
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and  detects  the  intensity  of  the  light  incident  on  each  of  the  quadrants. 

Appropriate  combinations  of  the  output  signals  may  be  used  to  determine 
the  position  of  the  centroid  of  the  incident  light  with  reference  to  the 
center  of  the  detector.  The  up-down,  left-right  signals  thus  generated 
are  used  as  error  signals  that  drive  the  mirrors  to  reposition  the  centroid 
of  the  light  at  the  center  of  the  detector.  The  error  signals  are  conse¬ 
quently  a  measure  of  the  angular  deviation  of  the  beam  from  the  optical 
center  line.  The  system  was  calibrated  by  using  an  identical  General 
Scanning  mirror  at  the  input  to  the  tank,  to  introduce  known  angles. 

These  angles  were  measured  with  the  centroid  tracker  and  the  results 
allowed  calibration  of  the  angle  measurement  system. 

Results  were  obtained  for  two  separate  path  lenths;  1.5  meters 
corresponding  to  three  passes  through  the  tank,  and  2.5  meters  corresponding 
to  5  passes  through  the  tank.  For  each  path  length,  the  thermal  input 
to  the  turbulence  was  varied  from  200  watts  to  600  watts  in  steps  of 
100  watts.  Higher  input  powers  were  avoided  because  the  temperatures 
reached  at  the  heater  elements  near  the  base  of  the  tank  began  to 
initiate  damage  to  the  structure.  For  each  path  length,  and  at  each 
input  power  level,  wander  angle  measurements  were  made  by  digitizing 
the  error  signals  from  the  centroid  tracker  and  recording  these  on 
magnetic  tape.  In  each  case,  60  time  records  consisting  of  512  samples 
of  the  analog  signal  were  obtained.  This  data  was  then  numerically  pro¬ 
cessed  to  obtain  the  average  variance  or  mean  square  wander  angle,  and 
the  power  spectrum  of  angular  fluctuations  by  determining  the  modulus 
squared  of  the  Fourier  transform  (using  the  FFT  of  the  windowed  data) 
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averaged  over  the  60  records.  The  results  of  this  experiment  are  dis¬ 
played  in  Figure  9.  The  ordinate  is  the  measured  r.m.s.  wander  angle, 
and  the  abscissa  is  C^2,  a  dimensionless  parameter  describing  the  strength 
of  turbulence  in  the  tank  (defined  in  Ref.  2),  and  which  may  be  compared 

to  the  usual  structure  parameter  C  2.  The  values  of  C  2  were  obtained 

n  n 

from  the  heater  power  and  Figure  10  of  Ref.  2.  Note  at  the  shortest  path 
length  (1.5  meters  corresponding  to  three  passes  through  the  tank),  the 
r.m.s.  wander  angle  increases  monotonically  with  turbulence  strength.  At 
2.5  meters,  the  r.m.s.  wander  angle  increases  initially,  reaches  a  peak, 
and  then  decreases  as  turbulence  strength  increases.  This  is  in  agreement 
with  the  analytical  results  of  Ref.  1.  To  illustrate  the  similarity  of 
the  results,  the  curves  of  Ref.  1  are  replotted  in  Figure  10  for  a  wave¬ 
length  of  0.651  um,  zero  obscuration  ratio,  and  path  lengths  of  1  and  10 
kilometers.  As  in  the  experimental  data  of  Figure  9,  the  r.m.s.  wander 
angle  increases  monotonically  for  the  shorter  path  length,  and  reaches  a 
peak  and  decreases  with  increasing  turbulence  strength  for  the  longer 
path  length. 

The  numerical  results  utilized  in  generating  the  2.5  meter  path 
length  curve  in  Figure  9  are  collected  in  the  Appendix  and  include  the 
mean  and  variance  of  the  wander  angle  for  each  of  the  60  records  per 
data  point  along  with  the  associated  power  spectrum. 

It  may  be  pointed  out  that  the  curves  of  Ref.  1  indicate  a  peak 
in  the  r.m.s.  wander  angle  which  occurs  in  each  case  considered  at  a 
value  of  the  log  irradiance  variance  calculated  in  the  Rytov  approxi¬ 
mation  that  is  approximately  constant.  Using  the  expression  for  a  locally 
4 

isotropic  medium 
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a.  _ 2  -  1.23  C  2  k7/6  Ln/6 
ini  n 

and  Che  curves  of  Ref.  1,  che  peak  occurs  at  about 

a  2  7. 

JinI 

This  particular  value  is  calculated  using  Figure  20  of  Ref.  1  where 
Cn2  *  1.0  x  10* 14,  A  *  0.651  ym,  and  L  *  4  km.  For  comparison  with  the 
experimental  results,  the  peak  in  the  r.m.s.  wander  angle  occurs  at  a 
value  of  the  log  irradiance  variance  calculated  in  the  Rytov  approximation 
of  approximately  o^nI2  *  135  using  the  expression  of  Ref.  2.  The  numerical 
discrepancies  between  the  experimental  results  in  the  ethanol,  and  the 
analytic  results  in  the  tank  may  be  reconciled  by  applying  the  theory 
developed  in  Ref.  2  to  the  parameters  associated  with  the  turbulence 
in  ethanol.  This  has  not  been  attempted. 

III.  Conclusions 

In  order  to  obtain  quantitative  comparisons  between  analytic  results 
and  experiments  in  the  simulated  atmospheric  turbulence  utilized  in  this 
investigation,  the  general  theory  must  be  applied  using  the  parameters  of 
the  simulated  turbulence.  In  particular,  any  analytical  calculations  must 
utilize  the  Hill  spectrum^  of  index  of  refraction  fluctuations  (or  some 
other  appropriate  model),  and  in  addition  must  recognize  the  dramatic 
difference  in  path  lengths,  required  to  obtain  a  given  value  of  integrated 
path  turbulence,  between  the  turbulence  developed  in  ethanol,  and  that  in 
the  atmosphere.  Unfortunately,  that  was  not  within  the  scope  of  this  work 
and  the  comparisons  are  necessarily  qualitative. 
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tmospliere.  This  Figure  is  derived  from  the  results  presented  in 


v. 


Recognizing  this  limitation,  it  is  apparent  that  the  analytical 
results  of  Ref.  1  and  the  experimental  results  presented  here  are  in 
qualitative  agreement.  Specifically,  the  r.m.s.  wander  angle  in  the 
far  field  of  a  transmitted  laser  increases  initially  with  integrated 
path  turbulence,  reaches  a  peak,  and  then  decreases.  This  peak  occurs 
in  the  saturation  regime  where  o^^2  Z  10  in  the  Rytov  approximation  and 
further  increases  in  integrated  path  turbulence  (due  to  increased  path 
length,  higher  turbulence  strength,  or  shorter  wavelength)  results  in  a 
decrease  in  the  r.m.s.  wander  angle.  One  implication  of  this  is  that 
angular  corrections  applied  to  a  transmitted  wavefront  become  increasingly 
less  effective  in  increasing  power  density  on  target  as  integrated  path 
turbulence  increases  beyond  the  peak  of  angular  fluctuations.  This  may 
be  important  in  considerations  involving  short  wavelength  lasers  where 
the  saturation  regime  is  encountered  at  relatively  modest  path  lengths. 

As  an  additional  task,  it  was  found  that  the  spatial  spectrum  of 
temperature  fluctuations  is  extremely  uniform  throughout  the  laboratory 
generated  turbulence.  This  indicates  that  the  laboratory  generated 
turbulence  supplies  a  uniform  medium  with  properties  closely  associated 
with  turbulence  in  the  atmosphere  that  may  be  utilized  both  for  verifying 
theoretical  results  and  for  testing  actual  systems. 


22 


Identification  II  4/3/81  -  DFA031 


Input  Power:  200  watts 

Sampling  Time:  20  milliseconds 


V, 


ancle  data  values  are  in  raoiahs 


angle  data  values  are  in  raoiahs. 

NOISE  SUBTRACTED  »  F >  HANNING  WINDOW  *  T 

ENSEMBLE  POWER  SERIES  COMPUTED  AT  15:10:02  OH  HON,  APR  Qfc  1561 
FROM  DATA  ON  TAPE  DATED :  04/C3/81 

SAMPLING  INTERVAL  IS:  0.02C0  SECONDS 

SO  RECORDS  OUT  OF  SO  WERE  USED, 

AND  0  WERE  BAD 

THE  AVERAGE  VARIANCE  FOR  ALL  RECORDS  IS:  0 . 1669620£QE-06 


RECGRD 

HEAN 

VAR 

1 

0 

0044824 

0  5824 1 E025E  -0  7 

2 

0 

0047981 

0  1  7  354  02  86  E -  0  6 

3 

0 

.0041164 

0  .  13845 1924E-06 

4 

0 

.0044063 

0  .  53413 C2G9E-06 

5 

0 

0037846 

0 . 62 71 2 5262E-0 7 

£ 

0 

0039187 

0 . 51 73244  94 E -07 

7 

0 

0039230 

0  74  922 1 1 30E -0  7 

8 

0 

0042992 

0 . 9991 76269E-07 

9 

0 

0039330 

0 . 290624982E-07 

10 

0 

0040393 

0 . 239855958E-06 

1  1 

0 

0037686 

0  18  528  2 1  54  E -0  7 

12 

0 

0039560 

0 . 49 1353376E-07 

1  3 

0 

0044192 

0  .  12964 C426E-06 

14 

0 

0033629 

0  297022268E-06 

15 

0 

0041346 

0  1 1 8446696E-06 

1  6 

0 

0041178 

0  95 1941388E-07 

1  7 

0 

0037712 

0  15916 96 45E-06 

18 

0 

0037475 

0 . 73  67546  57E -0  7 

1? 

0 

0036592 

0 . 17 1795904E-06 

20 

0 

0038873 

0  255767077E-06 

2  1 

0 

0038934 

0  60  24  8  96  66  E  -  0  7 

22 

0 

0039042 

0  514499519E-07 

23 

0 

0039719 

0  23  42  3  1 5  1  4  E  -0  7 

24 

0 

0041262 

0  1090452 l 7E-06 

25 

0 

0043401 

0  22  12661  91  E-06 

2G 

0 

0047984 

0  20  7884284E-06 

27 

0 

0039882 

0  219685489E-06 

26 

0 

0041707 

0  24984 1378E-06 

29 

0 

.0040018 

0  352385314E-06 

30 

0 

0039723 

0  52  29  3  3  3  06  E  -  0  6 

31 

0 

003971  1 

0  26 55 5 16 4SE -06 

32 

0 

0036677 

0  190566709E-06 

33 

0 

0042655 

0  166703359E-06 

34 

0 

0042150 

0  956639497E-07 

35 

0 

0042090 

0  5461 23S44E-07 

3£ 

0 

.  0038275 

0  7484  1  7364 E -0 7 

37 

0 

0033596 

0  88  24 6 55 1 4 E -0 7 

38 

0 

0040232 

0  473939735E-06 

39 

0 

0034325 

0  31 3779708E-06 

24 


40  0  0040927 

41  0.0035927 

42  0  0032166 

43  0.0037228 

44  0  0038502 

45  0  0035096 

46  0  0041113 

47  0  0038470 

48  0.0034605 

49  0  0043639 

50  0.0042119 

51  0.0039612 

52  0.0034647 

53  0  0034216 

54  0  0036865 

55  0.0038709 

56  0.0038991 

57  0  0036354 

58  0.0036218 

59  0  0039033 

60  0.0039814 


0  167847674E-06 
0  14 1 75G405E-06 
0 . 1501 1 62686-06 
0 . 14  754  74 1 1 E-06 
0 . 99543C867E-07 
0 . 14S8578S4E-06 
0 . 1482 1 6600E-06 
0 .  144996420E-06 
0  IS  1 7  37652E-06 
0 . 198704953E-06 
0 . 69  1755872E-06 
0 . 31 1735675E-06 
0  58 16  7  92  74E -0  7 
0  .  390865225E-07 
0 . 294760753E-06 
0 . 153946264E-06 
0 . 58  54  2  32  65  E  - 0  7 
0  8401 22709E-07 
0 . 463377887E-07 
0  1 1 90  3  269 1 E-06 
0 . 19 1031262E-06 
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DATE  SET  02 


Identification  # 
Input  Power: 
Sampling  Time: 


4/10/81  -  DFA101 
300  watts 
20  milliseconds 
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ANGLE  DATA  VALUES  ARE  IN  RADIANS  BEAN  HADE  S  PASSES  VARIAC  9  3G\ 


ANGLE  DATA  VALUES  ARE  IN  RADIANS  BEAN  HADE  S  PASSES  V  A?  I  AC  9  ZC. 
X  SCALE  FACTOR  WAS:  29  254E-06  RAD/UNIT 
Y  SCALE  FACTOR  WAS:  18.161E-06  RAD/UNIT 
NOISE  SUBTRACTED  •  F.  NANNING  WINDOW  *  T 

ENSEMBLE  POWER  SERIES  COMPUTED  AT  15:57:05  ON  NON,  APR  13  1981 
FROM  DATA  ON  TAPE  DATED:  04/10/61 
SAMPLING  INTERVAL  IS:  0.02C0  SECONDS 

SO  RECORDS  OUT  OF  SO  WERE  USED. 

AND  0  WERE  BAD 


the  average 

VARIANCE 

FOR 

ALl  RECORDS  I 

RECORD 

MEAN 

VAR 

1 

0 

0030947 

0 

79855  1656E-06 

2 

0 

003486  1 

0 

187243444E-06 

3 

0 

0038032 

0 

220585897E-06 

4 

0 

0035354 

0 

35904 1962E-06 

5 

0 

0035874 

0 

32  52  2  1 564  E -0  6 

S 

0 

0031070 

0 

5491 55950E-06 

f 

0 

0045977 

0 

38S256524E-06 

8 

0 

0048178 

0 

565944768E-06 

9 

0 

0046550 

0 

30062494? £-06 

10 

0 

003937 ; 

0 

125256435E-06 

1  1 

0 

0036720 

0 

164274695E-06 

12 

0 

003339 1 

0 

10700 C574E-06 

1  3 

0 

0034226 

0 

9317365 53E-07 

14 

0 

0034016 

0 

35321 7672E-06 

15 

0 

.0036853 

0 

316146647E-06 

IS 

0 

003971 G 

0 

350377661 E-06 

l  7 

0 

0040284 

0 

557132517E-Q6 

l  8 

0 

003979’ 

0 

291677566E-06 

1  9 

0 

0035255 

0 

1523 1 5274E-06 

20 

0 

0039703 

0 

15675701  1  E-06 

21 

0 

0042463 

0 

532S67489E-06 

22 

0 

0035064 

0 

2837323 34E-06 

23 

G 

0027408 

0  . 

245667707E-06 

24 

0 

0037330 

0 

50758CI 02E-06 

25 

0 

CO  37 83 3 

0 

25  38  7  6  5  55E -0  6 

2S 

0 

0  0  4  0  5  7  0 

0 

18890C1 74E-06 

27 

0 

0045165 

0 

66052156 6 E-06 

23 

0 

0040886 

0 

10236E929E-06 

25 

0 

.0037144 

0 

249573816E-06 

30 

0 

0036257 

0 

1321 50461E-06 

31 

0 

.  0039385 

0 

34  37  4  6  0  60E -  0  6 

32 

0 

0035198 

0 

362? 1 3852E-06 

33 

0 

0036409 

0 

379885053E-06 

3  4 

c 

0042172 

0 

464871903E-06 

1 5 

0 

0039125 

0 

l i b083584f-05 

3t 

0 

0035415 

0 

14326 0735E-06 

28 


37 

0  0036534 

0 

37G67I195E-06 

38 

0  0037356 

0 

13667 44 986-06 

39 

0  0040655 

0 

1693034906-06 

40 

0  0046546 

0 

9332261936-06 

41 

0  0039226 

0 

26  17066626-06 

42 

0  003876  7 

0 

5753292S5E-06 

43 

0  0039175 

0 

3508851 38E-06 

44 

0  0032163 

0 

379419760E-06 

45 

0  0035490 

0 

92271  1  7  06  £  - 0  6 

4  6 

0  0039986 

0 

1240074636-06 

47 

0 .0035297 

0 

21  6334342E-06 

48 

0  0034  344 

0 

181324339E-06 

49 

0  0040313 

0 

26069  1877E-06 

50 

0  0040402 

0 

873077255E-07 

51 

0  0037993 

0 

3307  1  1543E-06 

52 

0  0040197 

0 

4853  791  326-06 

53 

0  0041952 

0 

3418465336-06 

54 

0.0043102 

0 

2081228566-06 

55 

0  0043481 

0 

182999713E-06 

56 

0  004740 1 

0 

11277C64 06-05 

57 

0  0036659 

0 

1265825186-05 

58 

00046175 

0 

4774964756-06 

59 

0  0041715 

0 

203564582E-06 

60 

0  0038368 

0 

3676447026-06 

DATE  SET  #3 


Identification  if  4/3/81  -  DFA032 
Input  Power:  400  watts 

Sampling  Time:  20  milliseconds 


ANGLE  DATA  VALUES  ARE  IN  RADIANS 


ANGLE  DATA  VALUES  ARE  IN  RADIANS 
NOISE  SUBTRACTED  «  E,  HANNING  UINDOM  *  T 

ENSEMBLE  ROVER  SERIES  CONFUTED  AT  15:15:14  ON  HON,  APR  0 €  1981 
FROM  DATA  ON  TARE  DATED:  04/03/81 
SAMPLING  INTERVAL  IS:  0.0200  SECONDS 

60  RECORDS  OUT  OF  60  UERE  USED, 

AND  0  UERE  BAD 

THE  AVERAGE  VARIANCE  FOR  ALL  RECORDS  IS:  0  56 56 4 4 7 66 E -0 6 


ORD 

MEAN 

VAR 

' 

1 

0  0047066 

0 

.  46298C1 54E-06 

2 

0  0044876 

0 

699376914E-06 

3 

0  0041754 

0 

44  94  044  6  7E-0  6 

4 

0  0053169 

0 

497056181E-06 

5 

0.0048787 

0 

13161 1273E-05 

6 

0  0049228 

0 

1481 89002E-06 

7 

0  0051068 

0 

409787958E-06 

8 

0.0058141 

0 

77 1 1 857 1 1 E -0  7 

9 

0  0052923 

0 

58935C861 E-06 

10 

0  0052823 

0 

39  1  7  2  1 8  1  2  E  -0  6 

1  1 

0  0032625 

0 

24  09  6  93 14E -06 

12 

0.0037546 

0 

58778C164E-06 

13 

0 .0043719 

0 

383651 768E-06 

14 

0  0044159 

0 

65  99  6 1801 E-06 

15 

0  0057757 

0 

432699494  E-06 

16 

0  0042936 

0 

74268C641 E-06 

17 

0  0046459 

0 

42855 C550E-06 

18 

0  0051466 

0 

43858S566E-06 

19 

0  0054313 

0 

70834 3237E-Q6 

20 

0 .0050437 

0 

12656C940E-05 

21 

0  0041554 

0 

43664C221E-06 

22 

0  0042775 

0 

1858419 13E-06 

23 

0  0040906 

0 

293477058E-06 

■ 

24 

0  0044285 

0 

183936550E-06 

25 

0  0054492 

0 

1 7  29  5  77  26  E-06 

'  i 

26 

0  0039668 

0 

124958501 E-05 

;  I 

27 

0.0044500 

0 

21 300S023E-06 

'  i 

28 

0  0043329 

0 

3478621 12E-06 

29 

0  0041 728 

0 

1890601 03E-06 

;  j 

30 

0.0043480 

0 

7060791 42E-06 

*  i 

31 

0  0052160 

0 

24873C4S5E-06 

1 1 

32 

0  004394 1 

0 

316722208E-06 

1 1 

33 

0.0050374 

0 

55  1 2  1  C2  92  E  -0  6 

\ 

34 

0  0045983 

0 

29904 0494E-06 

35 

0 .0038702 

0 

7296 12996E-06 

■ 

36 

0  0051866 

0 

5509  787 12E -06 

■5  ’ 

37 

0  0040989 

0 

38853(421 E-06 

\  ! 
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Figure  A-4.  Power  spectrum  of  angle  fluctuations  for  an  input  power 


of  500  watts. 
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Figure  A-5.  Power  spectrum  of  angle  fluctuations  for  an  input 
power  of  600  watts. 


REFERENCES 


1.  M.  T.  Tavis  and  H.  T.  Yura,  "Strong  Turbulence  Effects  on  Short 
Wavelength  Lasers,"  Report  SD  TR-79-24  prepared  for  the  Air  Force 
Weapons  Laboratory,  Kirtland  Air  Force  Base,  New  Mexico. 

2.  R.  A.  Elliott,  J.  R.  Kerr,  and  P.  A.  Pincus,  Appl.  Opt.  3315  (1979). 

3.  R.  J.  Hill,  J.  Opt.  Soc.  Am.  68,  1067  (1978). 

4.  R.  S.  Lawrence  and  J.  W.  Strohbehn,  Proc.  IEEE  58,  1523  (1970). 


43 


